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Abstract 

An appropriate animal model is critical for the research of stem/progenitor cell therapy and tissue engineering for bone 
regeneration in vivo. This study reports the design of an external fixator and its application to critical-sized femoral defects 
in athymic rats. The external fixator consists of clamps and screws that are readily available from hardware stores as well 
as Kirschner wires. A total of 35 rats underwent application of the external fixator with creation of a 6-mm bone defect 
in one femur of each animal. This model had been used in several separate studies, including implantation of collagen 
gel, umbilical cord blood mesenchymal stem cells, endothelial progenitor cells, or bone morphogenetic protein-2. One 
rat developed fracture at the proximal pin site and two rats developed deep tissue infection. Pin loosening was found 
in nine rats, but it only led to the failure of external fixation in two animals. In 8 to 10 weeks, various degrees of bone 
growth in the femoral defects were observed in different study groups, from full repair of the bone defect with bone 
morphogenetic protein-2 implantation to fibrous nonunion with collagen gel implantation. The external fixator used 
in these studies provided sufficient mechanical stability to the bone defects and had a comparable complication rate in 
athymic rats as in immunocompetent rats. The external fixator does not interfere with the natural environment of a 
bone defect. This model is particularly valuable for investigation of osteogenesis of human stem/progenitor cells in vivo. 
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Introduction 

Fracture nonunions and bone defects are difficult to treat. 
Stem/progenitor cells and tissue engineering have demon- 
strated great potential for enhancing bone regeneration and 
fracture healing. The promising osteogenic stem/progenitor 
cells and products of bone tissue engineering require vali- 
dations in vivo as the complexity of bone-forming environ- 
ment cannot be duplicated in vitro at the present time. 
Animal study, therefore, is a necessity to translate the stem/ 
progenitor cell therapy and tissue engineering technology 
to potential human clinical applications. Over the years, 
animal models of fractures and bone defects have been 
developed and utilized in a variety of experimental studies. 1 
In these models, the methods of bony fixation contribute 
greatly to the environment of bone formation and influence 
the outcome of the studies. 2 

Human stem/progenitor cells are highly relevant to 
clinical applications. However, transplantations of human 
stem/progenitor cells into fracture sites and bone defects 
in animals face rejection by the host due to the major 



immune barrier between species. Immunodeficient ani- 
mals can better tolerate xenografts, but they are generally 
believed susceptible to infection. 3 4 We have designed an 
external fixator to stabilize bony defects for the purpose 
of implantation of human stem/progenitor cells and 
applied it to critical-sized femoral defects in a total of 35 
athymic rats. In this article, we provide details of assem- 
bly and application of this external fixator and the results 
of using this external fixator in several separate experi- 
ments involving implantation of human stem/progenitor 
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Figure I. (a) Prototype of the external fixator. Plastic dowels represent bone-ends, (b) During surgery, the external fixator was 
assembled and a bone defect was created between the two inner pins, (c) A rat applied with an external fixator for a femoral defect 
and standing on the operated limb. 



cells. The effectiveness of each treatment in bone regen- 
eration, however, is not a primary focus of this article. 
The applicability of this device in athymic rats was inves- 
tigated by assessing the stability of the bony defect, bone 
healing and infection rates. 

Materials and methods 

Design of external fixator 

A 4-pin monolateral external fixator was developed (Figure 
1(a)) using threaded Kirschner wires (diameter 1.1 mm, 
Synthes, West Chester, PA, USA) as pins. The external fix- 
ation pin clamp was made with readily available 1/8-in alu- 
minum stock from a hardware store. Two 8 mm x 35 mm 
aluminum rectangles were fashioned to form a "sandwich"- 
style clamp. Four pin grooves measuring 1 mm wide x 0.5 
mm deep were machined into one side of each pair of the 
aluminum clamps to prevent pins from migrating laterally 
in the clamp. The distance between the two medial pins was 
10 mm allowing spanning of the defect, and the distance 
between the proximal and distal pair of pins was 7 mm to 
provide adequate fixation on each side of the defect. The 
clamp was fitted with two M4-size fasteners to secure the 
clamp over the wires. A typical assembled external fixator 
weighed 4.0 g. 



Surgery 

All animal experiments were approved by the Saint Louis 
University Institutional Animal Care and Use Committee. 
A total of 35 male athymic nude rats (300-350 g, National 
Cancer Institute, Frederick, MD, USA) underwent a sur- 
gery to apply the external fixator and create a critical-sized 
defect. Ketamine (70 mg/kg) and Xylazine (9.0 mg/kg) 
were used for intraperitoneal anesthesia. Animals received 
Baytril (enrofloxacin) at a dose of 5 mg/kg preoperatively 
and once daily postoperatively for 2 days, as well as 



buprenophine hydrochloride (0.1 mg/kg) for pain relief 
pre- and postoperatively. Using aseptic technique, a lateral 
approach was used to expose the right femur, from the 
greater trochanter to the lateral femoral condyle, through 
the interval between the vastus lateralis and biceps femoris. 
The previously described 4-pin linear external fixator was 
then applied. Threaded tip 1.1 -mm Kirschner wires were 
inserted into the femur with a power drill, using the clamp 
of external fixator as a guide. After the external fixator was 
assembled, a 6-mm critical-sized defect was created using a 
burr between the two medial pins in the mid-shaft of the 
femur under continuous saline irrigation (Figure 1(b)). 
Periosteum at the bone-ends was kept intact. The wound 
was then copiously irrigated with normal saline and 
explored to ensure removal of bony materials. Human mes- 
enchymal stem cells or human endothelial progenitor cells 
(1 x 10 6 ) were suspended in collagen solution (Millipore, 
Billerica, MA, USA) and incubated at 37°C for 1 h for gela- 
tion. Collagen gel (200 \xL) with or without cells was trans- 
ferred to the bone defect with a pipettor. Recombinant 
human bone morphogenetic protein-2 in collagen sponge 
(BMP-2, Infuse®, Medtronic, Fridley, MN, USA) was 
trimmed into the shape of bone defect and implanted. The 
fascial layer was closed in an interrupted fashion with 5.0 
Monocryl™ suture (Ethicon™) to keep the collagen gel in 
place in the bone defect. Rats were then returned to indi- 
vidual cages without immobilization (Figure 1(c)). The ani- 
mals received antibiotics and pain medication as previously 
described. Postoperative radiographs were taken weekly to 
assess bone formation as well as the stability of the external 
fixator. At 8-10 weeks, the rats were euthanized. The 
affected femur of each rat was then dissected and fixed with 
4% paraformaldehyde. After decalcification in 10% ethyl- 
enediaminetetraacetic acid (EDTA), the femoral tissue 
blocks were sectioned using a cryostat. Tissue sections 
were stained with hematoxylin and eosin and examined 
under a light microscope for evidence of bone formation 
and tissue reactions. 
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Results and discussion 

To examine the osteogenic capacity of stem/progenitor 
cells in bone defects, two local factors are critical: the 
length of the bony defect and the mechanical stability of the 
bone. Since bone is capable of self-regeneration to a certain 
length, numerous studies have explored the concept of crit- 
ical size of defects (CSD) at different anatomical locations 
and in various animal species with the goal of preventing 
concomitant bone healing. 1 For rats, a 6-mm defect in 
femur has been suggested as an appropriate CSD. 5 6 In the 
current animal model, when only collagen gel was 
implanted, slight callus formation was observed at each 
bone-end of the defects in week 3, and no further propaga- 
tion of healing was seen in the following weeks, a sign of 
atrophic nonunion. The defects were unchanged at week 8 
in all 8 animals that were implanted with collagen gel alone. 
Therefore, the femoral CSD for this particular species of 
immunodeficient rats fixed with an external fixator is 6 
mm. Rats that received BMP-2 implantation at the defect 
site had full healing of the defect, confirming the applica- 
bility of this model for investigating bone regeneration 
(Figure 2(c)). 

After CSD is created, fixation to sustain the length of 
defect and stabilize bone-end is required. Various methods 
have been developed using common orthopedic techniques 
to fix bone defects in animals, including intramedullary 
Kirschner wire fixation, internal (plate) fixation, 7 - 8 and 
external fixation. 1 Intramedullary Kirschner wire fixation 
lacks a locking mechanism to prevent interfragmentary 
movement, which causes the reduction of the length of the 
defect. 910 Internal plate fixation, if applied appropriately, 
can provide adequate mechanical stability to the bone 
defect. 5 However, if the hardware is not specially manufac- 
tured for rat femurs and not applied with specialized tools, 
the fixation may not be able to achieve the desired stability. 
In addition, the skills and scientific principles of internal 
fixation require vigorous training. Importantly, intramedul- 
lary pins and plates are foreign materials within the bony 
defect, which interferes with the local physiological envi- 
ronment. 11 Alterations of tissue environment are particular 
concerns for stem/progenitor cells, which are multipotent 
and differentiated according to environmental cues. 12 The 
use of external fixation avoids the contact between fixation 
materials and local tissues within the defects, thus sparing 
the implanted stem/progenitor cells from potential expo- 
sure to nonphysiological stimulations. The application of 
an external fixator is also relatively easy and does not 
require specialized training. 

To our knowledge, there are no commercial products 
available for external fixation of rat bony defects. This has 
led many investigators to develop their own systems of 
external fixation. 7 - 10 - 13 For practical reasons, the external 
fixator must be lightweight, inexpensive, relatively easy to 
apply, and stable through the duration of the experiment. 
An assortment of external fixation frames and techniques 



has been developed for this purpose. While bone cement is 
convenient to apply and provides initial solid fixation to the 
pins, it has been found that there is often loosening in late 
stage of the fixation. The external fixator used in this study 
was designed for convenient assembly without the use of 
highly specialized tools or skills. The parts for this external 
fixator can be purchased from any hardware stores. The 
external fixator provided sufficient strength of bone fixa- 
tion using a lightweight material (aluminum alloy) that the 
animals were able to tolerate without difficulty. The ability 
to bear weight early is important for bone regeneration in 
long bone defects as it provides mechanical stimulation. 14 
In this study, all animals had the ability to bear weight 
immediately postoperatively and walked without difficulty. 
The external fixator used in the current study is also adjust- 
able, and the M4 fasteners can be tightened as needed to 
prevent loosening of the frame. 

The most common complications of external fixation 
are pin loosening and pin tract infection. 15 Pin tract infec- 
tion was observed in nine rats and all healed after local 
daily application of antibiotic ointment. Two rats developed 
deep tissue infection, one of which necessitated euthanasia. 
Pin loosening was observed in nine rats. Most of the cases 
were corrected by adjustment of the external fixator and did 
not affect the overall stability of the device. Only two of the 
external fixators failed, both of these failures occurred at 7 
weeks post operation. One rat died 4 weeks post operation 
of unknown causes; however, it did have deep infection 
found on necropsy. One rat developed a femur fracture at 
the proximal pin site at 3 weeks, which was likely iatro- 
genic during the insertion of pins. 

It is evident that this self-designed external fixator pro- 
vided a stable mechanical environment for bone regenera- 
tion in the defects. The fact that BMP-2 implantation had 
healing of the defect proves that there was adequate mechan- 
ical stability of the defect to allow for potential healing. 
Defects implanted with stem/progenitor cells showed vari- 
ous degrees of bone regeneration at the defect site (Figure 
2(a)). On histologic analysis, regenerated woven bone and 
fibrocartilage were seen within the defects implanted with 
human stem/progenitor cells (Figure 2(b)). This indicates 
new bone was regenerated through the process of endochon- 
dral ossification. In the tissues surrounding the defect, there 
were no obvious signs of inflammatory reaction. 

When an external fixator is applied to immunodeficient 
animals, such as the athymic rats used in this study, infec- 
tion is a concern. Among the 35 athymic rats that had an 
external fixator applied to stabilize the critical-sized femo- 
ral defects, only two rats had deep infection. None of the 
rats with superficial pin tract infection developed uncon- 
trollable systematic infection or required additional antibi- 
otic treatment beyond topical antibiotic ointment. The rate 
of the failure of external fixation in this study was consist- 
ent with the 5% rate of failure for applying external fixators 
to the bone defects (without cell implantation) in immuno- 
competent laboratory rats. 16 Being able to tighten the 
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Figure 2. (a) Radiograph of a rat that was implanted with BMP-2 in the femoral defect shows callus within the segmental defect 
at week I . (b) Histological section of hematoxylin and eosin (H & E) staining shows endochondral ossification in the femoral defect 
at week 8 after implantation of human endothelial progenitor cells (F: fibrous tissue; FC: fibrocartilage;WB: woven bone), (c) An 
example of rat femur. The femoral defect is completely repaired at week 10, after BMP-2 implantation and external fixation. 



external fixator during the course of follow-up is one of the 
advantages of this type of external fixator and attributes to 
the low failure rate of external fixation, as compared to a 
high failure rate (8/8) of internal fixation in 8 weeks. 7 

In summary, an external fixator has been developed and 
successfully applied to critical-sized femoral defects in 
athymic rats. This model is particularly useful for studying 
bone regeneration with human stem/progenitor cells in 
vivo. 

Declaration of conflicting interests 

The authors declare that there are no conflicts of interest. 

Funding 

The study is supported in part by an Orthopaedic Trauma Care 
grant to Z.Z. and J.T.W. and a Musculoskeletal Transplant 
Foundation grant to Z.Z. and B.R.M. 

References 



1. 



2. 



Horner EA, Kirkham J, Wood D, et al. Long bone defect 
models for tissue engineering applications: criteria for 
choice. Tissue Eng Part B Rev 2010; 16(2): 263-271. 
Gordeladze JO, Reseland JE, Duroux-Richard I, et al. From 
stem cells to bone: phenotype acquisition, stabilization, and 
tissue engineering in animal models. ILAR J 2009; 51(1): 
42-61. 

Jin K, Teng L, Shen Y, et al. Patient-derived human tumour 
tissue xenografts in immunodeficient mice: a systematic 
review. Clin Trans! Oncol 2010; 12(7): 473^180. 
Juul P, Christensen HB, Hougen HP, et al. Athymic experi- 
mental animals in pharmaco-immunological research. 
Toxicol Lett 1992; 64-65 Spec No: 85-92. 
Burastero G, Scarfi S, Ferraris C, et al. The association of 
human mesenchymal stem cells with BMP-7 improves 
bone regeneration of critical-size segmental bone defects in 
athymic rats. Bone 2010; 47(1): 1 17-126. 



6. Zhao Z, Yang D, Ma X, et al. Successful repair of a critical- 
sized bone defect in the rat femur with a newly developed 
external fixator. Tohoku J Exp Med 2009; 219(2): 115-120. 

7. Drosse I, Volkmer E, Seitz S, et al. Validation of a femo- 
ral critical size defect model for orthotopic evaluation of 
bone healing: a biomechanical, veterinary and trauma sur- 
gical perspective. Tissue Eng Part C Methods 2008; 14(1): 
79-88. 

8. Oakes DA, Lee CC and Lieberman JR. An evaluation of human 
demineralized bone matrices in a rat femoral defect model. 
Clin Orthop Relat Res 2003; 413: 281-290. 

9. Hietaniemi K, Peltonen J and Paavolainen P. An experi- 
mental model for non-union in rats. Injury 1995; 26(10): 
681-686. 

10. Jager M, Sager M, Lensing-Hohn S, et al. The critical size 
bony defect in a small animal for bone healing studies (II): 
implant evolution and surgical technique on a rat's femur. 
Biomed Tech (Berl) 2005; 50(5): 137-142. 

1 1 . Heiner DE, Meyer MH, Frick SL, et al. Gene expression dur- 
ing fracture healing in rats comparing intramedullary fixa- 
tion to plate fixation by DNA microarray. J Orthop Trauma 
2006; 20(1): 27-38. 

12. Dado D, Sagi M, Levenberg S, et al. Mechanical control of 
stem cell differentiation. RegenMed 20 12; 7(1): 101-116. 

13. Seebach C, Henrich D, Wilhelm K, et al. Endothelial pro- 
genitor cells improve directly and indirectly early vasculari- 
zation of mesenchymal stem cell-driven bone regeneration 
in a critical bone defect in rats. Cell Transplant 2012; 21(8): 
1667-1677. 

14. Klein P, Schell H, Streitparth F, et al. The initial phase of 
fracture healing is specifically sensitive to mechanical condi- 
tions. J Orthop Res 2003; 21(4): 662-669. 

15. Moroni A, Vannini F, Mosca M, et al. State of the art review: 
techniques to avoid pin loosening and infection in external 
fixation. J Orthop Trauma 2002; 16(3): 189-195. 

16. Strube P, Mehta M, Putzier M, et al. A new device to con- 
trol mechanical environment in bone defect healing in rats. J 
Biomech 2008; 41(12): 2696-2702. 



